ABSTRACT Disalicylidenepropanediamine (DSPD) at 0.1 to 1 mM levels inhibited light-dependent "CO2 assimilation in intact spinach chloroplasts about 50 to 80%, and this inhibition was accompanied by an increased ratio of "C-glycerate 3-phosphate to "C-glyceraldehyde 3-phosphate. Enzymatic analysis established that DSPD also inhibited the light-dependent reduction of glycerate 3-phosphate in intact spinach chloroplasts. DSPD at 0.5 mM did not inhibit ribose 5-phosphate isomerase, ribulose 5-phosphate kinase, glycerate 3-phosphate kinase, NADP+-linked glyceraldehyde 3-phosphate dehydrogenase or ribulose 1,5-diphosphate carboxylase. The inhibition of chloroplast "CO2 assimilation by DSPD appeared to be related to the inhibition of the photosynthetic electron transport chain. These observations are consistent with experimental results which demonstrated that DSPD inhibited directly the chloroplast lameliar membrane-mediated, light-dependent reduction of ferredoxin (Trebst, A. and M. Burba, 1967 Recent studies concerning photosynthetic electron transport in chloroplast membranes have indicated that DSPD' inhibited photosystem I at the site of ferredoxin reduction resulting in a decrease of NADPH formation (3, 9). Additionally, evidence has been presented which indicated that DSPD inhibited ferredoxin-mediated cyclic photophosphorylation (9) . Therefore, this compound should inhibit intact chloroplast carbon metabolism both at the sites of reduction of glycerate-3-P to glyceraldehyde-3-P and of production of ribulose-1 ,5-diP derived from ribulose-5-P. The purpose of this work was to determine the effect of DSPD on "CO2 assimilation, the photoreduction of glycerate-3-P to triose-P, and the light-dependent generation of ribulose-1 , 5-diP in intact spinach chloroplasts.
Recent studies concerning photosynthetic electron transport in chloroplast membranes have indicated that DSPD' inhibited photosystem I at the site of ferredoxin reduction resulting in a decrease of NADPH formation (3, 9) . Additionally, evidence has been presented which indicated that DSPD inhibited ferredoxin-mediated cyclic photophosphorylation (9) . Therefore, this compound should inhibit intact chloroplast carbon metabolism both at the sites of reduction of glycerate-3-P to glyceraldehyde-3-P and of production of ribulose-1 ,5-diP derived from ribulose-5-P. The purpose of this work was to determine the effect of DSPD on "CO2 assimilation, the photoreduction of glycerate-3-P to triose-P, and the light-dependent generation of ribulose-1 , 5-diP in intact spinach chloroplasts. Chloroplast Isolation and Composition of Reaction Mixture. Spinach chloroplasts were prepared employing a previously described method (5) similar to that of Cockburn et al. (4) . Ten to fifteen grams of deveined leaf material were diced and added to a chilled semimicrohomogenizer. The tissue was homogenized for 5 sec in 60 to 70 ml of chilled (5 C) grinding medium which contained 50 mm HEPES, pH 6.8, 0.33 M sorbitol, 1 mm Na4P,07, 2 mm EDTA, 1 mm MgCl2, and 1 mM MnCl2. The homogenate was filtered through one layer of Miracloth, and the filtrate was centrifuged at 5 C for 50 sec at 2000g. The resulting pellet was suspended in 40 ml of the grinding medium, and this suspension was centrifuged again at 2000g for 50 sec. The chloroplast pellet which resulted from this second sedimentation was resuspended gently in 2 to 3 ml of grinding medium, and this suspension of chloroplasts was employed in the experiments.
MATERIALS AND METHODS
The chloroplast preparations contained 80 to 200 ,tg Chl/ 0.10 ml; Chl was determined by the method of Arnon (1) .
Bicarbonate-"C Assimilation. The time course of light-dependent CO2 incorporation was determined by measuring the uptake of NaH"CO, during illumination of chloroplasts in the presence of air. Aliquots of 0.1 to 0.2 ml taken from the reaction mixture at various time intervals were acidified by addition to either 0.01 or 0.02 ml of 24 N formic acid or 12 N HCl. For the determination of 14C incorporation into acid-stable products, 20 or 50 41 of the acidified samples were pipetted onto aluminum planchets fitted with lens paper discs, air dried, and counted on a Nuclear-Chicago gas flow end window detector system. The rate of CO2 incorporation was computed (5) from kinetic data obtained for the 2-to 5-and the 5-to 1 0-min interval since these intervals were usually those of maximal linear velocity.
Reaction mixtures with volumes of 1 ml to 2.5 ml were incubated in 55 X 117 mm test tubes held in a bath at 25 C. Illumination was provided by four 150-w flood bulbs, and the reaction systems were illuminated with saturating white light from two opposing sides to provide an average incident energy of 1.2 X 104 tLw/cm2 side. Dark control tubes covered with aluminum foil were incubated in the constant temperature bath with the illuminated sample. and ribulose-1, 5-diP were carried out according to Latzko and Gibbs (6) . (Table I ). Increased levels of HCO,,-(5-10 mM) and ascorbate (5 mM) resulted in higher rates of 14CO, assimilation, but these compounds did not relieve the severity of DSPD inhibition. In fact, in the presence of saturating HCO.-, 0.5 mM DSPD inhibition of CO2 fixation often became more severe than when HCO,-was rate-limiting (data not shown).
The distribution of "C in photosynthetic products was examined as a function of increasing DSPD levels. In comparison to the control in which the predominant "C accumulation was in triose-P (glyceraldehyde-3-P and dihydroxyacetone-P), increasing DSPD levels diminished "C in the triose-P, with a concomitant increase in "C glycerate-3-P (Table I) . Enzymatic assays of glycerate-3-P, triose-P, fructose-1,6-diP, and ribulose-i, 5-diP synthesized during CO2 assimilation also indicated that the photodependent conversion of glycerate-3-P to triose-P was inhibited by DSPD. This was reflected in the ratio of triose-P to glycerate-3-P synthesized during the light period. For example, this ratio in the control system at 6 min was 3.6, but in the system containing 0.5 mm DSPD it was 1.2 (data not shown). In the same experiment, DSPD mediated a 50% inhibition of light-dependent fructose-i,6-diP synthesis and a 27% inhibition of ribulose-1, 5-diP synthesis. MAmoles of DSPD introduced in 12.5 M1 of 95% ethanol (experiment B) in a final volume of 2.5 ml.
Glycerate-3-P, triose-P (glyceraldehyde-3-P plus dihydroxyacetone-P), and ribulose-1, 5-diP were determined at zero time and after 12 min of illumination. Simultaneous with glycerate-3-P reduction, the effect of 0.5 mm DSPD upon spinach chloroplast 14C02 fixation was determined employing 1 ml reaction mixtures identical to those described in Table I , except that they contained 98.5 ;Lg of Chl. In experiment A, the rate of glycerate-3-P reduction was 9 ,moles/mg Chl-hr, and the rate of synthesis of ribulose-1,5-diP was 0.24,umole/mg Chl-hr; in a separate, but simultaneous preparation the rate of CO2 assimilation was 8.4 ,umoles/mg Chl-hr. In experiment B, the rate of glycerate-3-P reduction was 4.9 MAmoles/mg Chl-hr, and the rate of synthesis of ribulose-1,5-diP was 0.15 Amole/mg Chl-hr; the rate of CO2 assimilation was 2.6 ,umoles/mg Chl-hr. Effect of DSPD on Glycerate-3-P Reduction. Further analyses of DSPD inhibition involved the monitoring of the lightdependent reduction of glycerate-3-P supplied to intact chloroplasts in the absence of HC03-. The absence of HCOr-eliminated endogenous glycerate-3-P regeneration from carboxylase activity. At a concentration of 0.5 mM DSPD, light-dependent glycerate-3-P reduction was inhibited 46% and ribulose-1,5-diP synthesis was inhibited 38% (Table II) . Concomitantly, the rate of "CO2 assimilation was inhibited 69% (Table II) . Glycerate-3-P (0.33 mM) was not limiting, since higher levels produced identical rates of glycerate-3-P disappearaance and ribulose-i , 5-diP synthesis.
Chloroplast Integrity, Stromal Enzyme Activities, and DSPD. Chloroplasts were assayed for envelope integrity after exposure to and removal from a mixture containing 0.5 mm DSPD. The osmotic shock-NADP reduction method (8) indicated that the chloroplast envelopes had not been ruptured by DSPD (data not shown). Additionally, if DSPD had mediated only rupture of intact chloroplasts, then the distribution of "C in the products of photosynthesis would not have changed as a function of increased DSPD concentration (Table I) .
ROBINSON, LATZKO,'AND GIBBS
The stromal (aqueous) phase of the intact spinach chloroplast was prepared (2, 10), and it was observed that 0.5 mM DSPD did not inhibit the activities of the enzymes in the sequence ribose-5-P isomerase, ribulose-5-P kinase, ribulose-1, 5-diP carboxylase, glycerate-3-P kinase, and NADPH-linked glyceraldehyde-3-P dehydrogenase (data not shown). The assays were conducted in the presence of saturating substrates.
CONCLUSIONS
There are two reports that DSPD blocked the reduction of ferredoxin (and ferredoxin-dependent events) in isolated chloroplast lamellar membranes (3, 9) . Thus, the inhibition of ferredoxin reduction by DSPD should be reflected in the intact chloroplast carbon cycle chemistry at the enzymatic sites where glycerate-3-P is converted to glyceraldehyde-3-P and where ribulose-5-P is phosphorylated to ribulose-1 ,5-diP. The result would be a depletion of ribulose-1 ,5-diP and therefore inhibition of CO2 assimilation.
We conclude from our data that the inhibition of intact chloroplast CO2 assimilation was directly related to the DSPD inhibition of reduction of glycerate-3-P to triose-P (Tables I  and II) , and this inhibition also was reflected in a decrease of ribulose-1 ,5-diP synthesis (Table II) . Since DSPD inhibits the site of ferredoxin photoreduction in plastid lamellar membranes (3, 9) , it may be assumed that DSPD acted at this same site in the intact chloroplast. We must also emphasize that these data do not contribute direct evidence concerning the identity of the reductant(s) of the Calvin cycle.
Finally, we conclude that even in the absence of DSPD, ribulose-l ,5-diP was present in rate-limiting or nearly ratelimiting levels, because it required only a 30 to 40% decrease in the ribulose-1 ,5-diP level to bring about 50% inhibition of CO2 fixation. Had ribulose-1,5-diP been at highly saturating levels, decreases in the level of this sugar phosphate would not have produced such severe inhibition of CO2 fixation.
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